Mitogen-activated protein (MAP) kinases phosphorylate the estrogen receptor and activate transcription from estrogen receptor-regulated genes. Here we examine potential interactions between the MAP kinase cascade and androgen receptor-mediated gene regulation. Specifically, we have studied the biological effects of mitogen-activated protein kinase kinase kinase 1 (MEKK1) expression in prostate cancer cells. Our findings demonstrate that expression of constitutively active MEKK1 induces apoptosis in androgen receptor-positive but not in androgen receptor-negative prostate cancer cells. Reconstitution of the androgen receptor signaling pathway in androgen receptor-negative prostate cancer cells restores MEKK1-induced apoptosis. MEKK1 also stimulates the transcriptional activity of the androgen receptor in the presence or absence of ligand, whereas a dominant negative mutant of MEKK1 impairs activation of the androgen receptor by androgen. These studies demonstrate an unanticipated link between MEKK1 and hormone receptor signaling and have implications for the molecular basis of hormone-independent prostate cancer growth.
Steroid hormones play a critical role in the development and maintenance of multiple organs, including mammary glands (estrogens), the uterine lining (progesterone), and the adrenal medulla (glucocorticoids) (19, 26) . In addition to responding to their ligands, steroid hormone receptors are modified by kinase signaling pathways which directly or indirectly alter the biological response to hormones (27) . In the case of the androgen receptor, one model system for functional studies is the prostate gland. Prostate development is dependent on androgen, and normal prostate secretory epithelial cells undergo apoptosis in response to androgen withdrawal (9) . Prostate cancer cells are also dependent on androgen for growth but eventually acquire the ability to proliferate in the absence of androgen in patients after prolonged anti-androgen drug therapy (2, 35) . Although androgen independent, these cells continue to express androgen-responsive genes, indicating ligandindependent activation of the androgen receptor signaling pathway. Defining the mechanism for this conversion to androgen independence will have important implications in prostate cancer therapy (47) .
A number of protein kinase signaling pathways have been implicated in androgen receptor signaling. Protein kinase A can activate androgen receptor-mediated gene transcription in the absence of androgen (23, 38) . The protein kinase C activator and tumor promoter 12-O-tetradecanoylphorbol-13-acetate negatively regulates androgen receptor-mediated gene transcription through a presumed interaction of c-jun and androgen receptor (43) . Epidermal growth factor (EGF), keratinocyte growth factor (KGF), or insulin-like growth factor 1 (IGF-1) can activate transcription from androgen receptorregulated genes in prostate cancer cells (11, 42) . Transgenic mice expressing KGF under the control of the hormone-responsive mouse mammary tumor virus promoter develop prostatic hyperplasia, suggesting that tonic exposure to certain growth factors results in dysregulated prostate growth in vivo (28) . These reports establish that interactions between androgen receptor and non-steroid receptor signaling pathways exist, but the molecular details are unclear.
Because many of these growth factors activate the mitogenactivated protein (MAP) kinase pathway, we hypothesized that isolated activation of this pathway may affect androgen receptor-mediated gene regulation and the prostate cancer cell phenotype. In particular, we examined the effect of MAP kinase kinase kinase 1 (MEKK1) signaling in prostate cancer cells. Activation of MEKK1 results in the downstream activation of MKK4 (SEK1) and subsequently JNK (36) , as well as phosphorylation of IB kinase leading to the release of NF-B (30, 37, 56) . JNK activation is associated with diverse outcomes which vary in different cell types and in the presence of concurrent signals from other pathways. JNK activation is necessary for cellular transformation by the Bcr-Abl oncogene (14, 41) but is also associated with apoptosis in response to growth factor deprivation or withdrawal of extracellular matrix (anoikis) (5, 53) . Constitutively active alleles of MEKK1 induce apoptosis in diverse cell types (25, 51) . A model for MEKK1-mediated apoptosis has emerged in which genotoxic stress leads to phosphorylation and activation of MEKK1 followed by MEKK1-initiated cleavage of DEVD-directed caspases. MEKK1 is itself a target for cleavage by caspases, which leads to further activation of MEKK1 by removal of a negative regulatory domain (5, 50) . Thus, MEKK1 participates in a caspase activation loop which requires both the kinase activity of MEKK1 as well as the caspase recognition site, permitting its cleavage by caspases.
Here we address the role of the MEKK pathway in prostate cancer. Our findings demonstrate that expression of constitutively active MEKK1 leads to apoptosis of androgen receptorpositive but not of androgen receptor-negative prostate cancer cells. Reconstitution of the androgen receptor pathway sensitizes prostate cancer cells to MEKK1-induced apoptosis. MEKK1 also activates androgen-regulated gene expression in an androgen receptor-dependent fashion. These data demonstrate cross-talk between the androgen receptor signaling pathway and MEKK1 that results in transcriptional regulation of androgen receptor-regulated genes and apoptosis.
Apoptosis assays. Apoptosis was detected morphologically by using acridine orange or transfected GFP. A fluorescent microscope was used to count 200 fluorescent cells per condition, and the percentage of blebbing cells was calculated. Cells were scored by an investigator blinded to the experimental condition. DNA staining of cells was performed with Hoechst 33258. At 48 h after transient transfection, cells were rinsed with phosphate-buffered saline, fixed with paraformaldehyde 4% for 15 min, permeabilized with Triton X-100 0.5%, and then stained in the dark with Hoechst dye at 2.5 g/ml (53) . Chromatin condensation was used as an additional morphologic marker of apoptosis in cells cotransfected with GFP.
Statistical analysis. Statistical analysis was performed by parametric analysis using the paired Student t test and Microsoft Excel.
RESULTS
Expression of activated MEKK1 induces apoptosis in androgen receptor-positive but not in androgen receptor-negative prostate cancer cells. The androgen receptor-positive prostate cancer cell line LNCaP is a well-characterized model for the study of androgen receptor-mediated growth and signal transduction (32, 48) . We examined the role of the stressactivated MAP kinase signaling pathway in LNCaP cells by utilizing retroviruses expressing a truncated, constitutively active form of MEKK1 (MEKK⌬-DA) and a catalytically inactive mutant containing a point mutation in the ATP binding site (MEKK⌬-DN) (36) . At 48 h after infection with retrovirus, MEKK⌬-DA-and MEKK⌬-DN-infected cells expressed similar levels of the truncated MEKK1 protein (Fig. 1a) . Biochemical characterization of LNCaP cells stably expressing MEKK⌬-DA demonstrated selective activation of the JNK pathway (sixfold) over parental cells and minimal p38 (twofold) or ERK activation (Fig. 1b) . After antibiotic selection, populations of cells stably expressing MEKK⌬-DA were derived. In five independent experiments, these cells consistently demonstrated reduced MEKK⌬-DA protein expression compared with MEKK⌬-DN (Fig. 1a) . These data suggest that high-level expression of MEKK⌬-DA is not well tolerated in LNCaP cells, as reported previously in fibroblasts (25, 51) . To look directly for effects on growth, the LNCaP sublines were plated at equal densities, and cells were counted after 5 days in culture. In five independent experiments in which mass populations of cells were selected, LNCaP cells expressing MEKK⌬-DA were difficult to expand compared with Neo control cells or MEKK⌬-DN-expressing cells (Fig. 2b) . These findings demonstrate that the expression of MEKK⌬-DA impairs the expansion of LNCaP cells in vitro.
To determine whether MEKK⌬-DA functioned similarly in other prostate cancer cell lines, we extended our analysis to DU145 and PC3 cells, which differ from LNCaP because they do not express androgen receptor and do not require androgen for growth. DU145 and PC3 cells were infected with retrovirus expressing MEKK⌬-DA or Neo control, and sublines which expressed MEKK⌬-DA were derived by antibiotic selection (Fig. 2a) . Unlike LNCaP cells, there was no difficulty in expanding MEKK⌬-DA-expressing DU145 and PC3 cells. To assess the effect of MEKK⌬-DA on PC3 and DU145 growth, each subline was plated at an equal density, and cell counts were determined after 5 days and compared to Neo control sublines. In contrast to LNCaP cells, MEKK⌬-DA expression did not impair the growth of PC3 or DU145 cells in three experiments with independently selected sublines (Fig. 2c) . We then asked whether our difficulty in expanding the LNCaP cells which stably express MEKK⌬-DA was due to cell cycle arrest or an increase in cell death. Cell cycle analysis of propidium iodide-stained MEKK⌬-DA cells showed no differences in the percentage of cells in G 1 , S, or G 2 compared with the Neo control (Fig. 2c) . However, when the morphology of the cells was examined after staining with acridine orange, we noted changes in LNCaP cells stably expressing MEKK⌬-DA, such as cytoplasmic blebbing and detachment, that are suggestive of apoptosis.
To determine whether MEKK⌬-DA induces apoptosis in LNCaP cells, a quantitative, short-term transient-transfection assay was utilized. LNCaP cells were transiently cotransfected with MEKK⌬-DA and a vector expressing GFP to visualize the morphology of the transfected cells. Approximately 25% of GFP-positive cells cotransfected with MEKK⌬-DA showed cytoplasmic blebbing, a morphologic feature of apoptosis, whereas GFP-positive cells cotransfected with control vector or kinase-inactive MEKK⌬-DN did not (Fig. 3) . Our conclusion that MEKK1 induces apoptosis was confirmed independently by the demonstration of chromatin condensation in a high fraction of GFP-positive cells in plates transfected with MEKK⌬-DA but not with the control Neo vector (Fig. 3c) . We conclude that the difficulty in expanding LNCaP cells expressing MEKK⌬-DA is most likely a result of the induction of apoptosis, a finding similar to those of earlier studies with fibroblasts and T cells (16, 25) .
Next, we analyzed the effect of MEKK⌬-DA expression on apoptosis in androgen receptor-negative DU145 cells and PC3 cells by using the transient-cotransfection assay described above. In contrast to LNCaP cells, there was no increase in the morphologic features of apoptosis in DU145 cells or PC3 cells expressing MEKK⌬-DA at 48 h after transfection (Fig. 3) . We extended the analysis in PC3 and DU145 cells to 72 and 96 h after transient transfection with MEKK⌬-DA to look for delayed effects on apoptosis, but we continued to find no differ- ences in apoptosis between Neo-and MEKK⌬-DA-transfected cells (data not shown). These data demonstrate that the ability of MEKK⌬-DA to impair growth or induce apoptosis is restricted to certain prostate cancer cell lines.
Because MEKK⌬-DA-induced apoptosis occurred in the androgen receptor-positive LNCaP cell line but not in two androgen receptor-negative prostate cell lines, we analyzed the effect of MEKK⌬-DA in another model of androgen receptorpositive prostate cancer developed in our laboratory (29) . LAPC4 cells express wild-type androgen receptor (exons 2 to 8) and secrete PSA. Similar to LNCaP, transient transfection of MEKK⌬-DA induced apoptosis in LAPC4 cells (Fig. 3) . These data suggest that androgen receptor-positive prostate cancer cells are sensitive to MEKK⌬-DA-induced apoptosis, whereas androgen receptor-negative cells are not.
MEKK⌬-DA-induced apoptosis is JNK independent but caspase dependent. One reason for the failure of DU145 and PC3 cells to undergo apoptosis may be a defect in the ability of MEKK⌬-DA to activate the JNK pathway in these cells. To address this question, we tested the ability of MEKK⌬-DA to activate JNK and AP-1 transcriptional activity in androgen receptor-positive and androgen receptor-negative cell lines. To allow for differences in transfection efficiencies between prostate cancer cell lines, we transfected LNCaP, DU145, and PC3 cells with MEKK⌬-DA and FLAG-tagged JNK1 and performed an in vitro kinase assay with anti-FLAG immunoprecipitated JNK1 (Fig. 4a) . As expected, an anti-FLAG immunoblot showed different levels of immunoprecipitated FLAG-JNK1 protein from the three cell lines, a finding consistent with distinct transfection efficiencies. However, JNK was activated four-to sixfold by MEKK⌬-DA in all three cell lines when adjusted to the level of immunoprecipitated JNK protein. Cotransfection of the 2X-TRE-luciferase reporter construct revealed similar findings of AP-1 activation in response to the transfection of MEKK⌬-DA in all three cell lines (data not shown). These data demonstrate that MEKK⌬-DA is capable of JNK activation in prostate cancer cell lines regardless of their sensitivity to MEKK⌬-DA-induced apoptosis.
To directly test the role of the JNK pathway in MEKKmediated apoptosis in androgen receptor-positive cell lines, we examined the effects of JNK inhibition in the transienttransfection assay. LNCaP cells were cotransfected with MEKK⌬-DA and JBD, a truncated form of JIP-1, a selective inhibitor of JNK1 (14) . As suspected from related studies in other cell types, JBD inhibited MEKK⌬-DA-mediated activation of jun as measured by a gal4-jun reporter system, thus confirming the activity of JBD in LNCaP cells. However, JBD failed to block MEKK⌬-DA-mediated apoptosis, whereas cotransfection of the baculovirus-derived caspase inhibitor p35 did (57) (Fig. 4b) . Taken together, these data indicate that MEKK⌬-DA-induced apoptosis is JNK independent but caspase dependent. This conclusion is in agreement with recent studies of MEKK function in fibroblasts (25, 51) .
Modulation of androgen receptor function influences the sensitivity of MEKK⌬-DA-induced apoptosis. A major difference between the prostate cancer cell lines sensitive to MEKK1-induced apoptosis and those resistant to MEKK1-induced apoptosis is the presence of a functional androgen receptor pathway. The LNCaP and LAPC4 prostate cancer cell lines express the androgen receptor, whereas DU145 and PC3 do not. Based on these observations, we hypothesized that the androgen receptor pathway may be required for MEKK1-induced apoptosis in prostate cancer cells. We used three approaches to test this hypothesis: reconstitution of the androgen receptor pathway in androgen receptor-negative cells, pharmacologic inhibition of the androgen receptor pathway in androgen receptor-positive cells, and amplification of androgen receptor signaling in androgen receptor-positive cells. First, we reconstituted the androgen receptor pathway in DU145 cells by transfecting androgen receptor and treating the cells with androgen. Expression of wild-type androgen receptor with or without androgen did not induce significant levels of apoptosis (Fig. 5a) . Expression of MEKK⌬-DA with the androgen receptor in the absence of ligand also did not result in apoptosis. However, the combination of MEKK⌬-DA, androgen receptor, and androgen did induce apoptosis in a dose-response (Fig. 5a ). Kinase-inactive MEKK⌬-DN failed to induce apoptosis in this assay, indicating that kinase activity is required (Fig. 5b ). These data demonstrate that reconstitution of the androgen receptor pathway rescues the apoptosis defect in DU145 cells and support the hypothesis that the androgen receptor pathway is required for MEKK⌬-DA-induced apoptosis in prostate cancer cells. The fact that additional ligand is required for MEKK⌬-DA-induced apoptosis in DU145 cells but not LNCaP cells may be a consequence of androgen receptor overexpression or cell-type differences. A corollary to the hypothesis that MEKK⌬-DA-induced apoptosis in prostate cancer cells requires functional androgen receptor is that blockade of androgen receptor signaling should protect against MEKK⌬-DA-induced apoptosis in androgen receptor-positive prostate cancer cells. We tested this hypothesis pharmacologically by using the androgen receptor antagonist casodex (49) . To establish the activity of Casodex in our model, LNCaP cells were transfected with a reporter plasmid containing the promoter (P) and enhancer (E) of the androgen-dependent PSA gene fused to luciferase (PSA P/Eluc) (39) . PSA is a prostate-specific, secreted kallikrein protein that is widely used as a serum marker to diagnose and monitor prostate cancer in patients (20) . The promoter and enhancer both contain well-characterized androgen receptor binding sites which mediate androgen responsiveness (7, 44) . Since the expression of PSA is androgen dependent, anti-androgen therapy causes a drop in PSA levels in serum, whereas relapse of androgen-independent cancer is heralded by a rise in PSA in serum. As expected, the androgen analog R1881 induced 13-fold activation of PSA P/E-luc in LNCaP cells (Fig. 6a) (39) . Casodex partially inhibited PSA P/E-luc induction by ca. 40% (Fig. 6a, compare fourth and eighth columns) . In the apoptosis experiments, the same concentration of Casodex partially inhibited MEKK⌬-DA-induced apoptosis by 40% and did not by itself induce apoptosis in parental LNCaP cells (Fig. 5c ). The effect of Casodex was specific for androgen receptor-positive cells because Casodex had no effect on androgen receptorindependent, MEKK⌬-DA-mediated apoptosis of HEK293 cells (data not shown). Together with the androgen receptor reconstitution experiments, these data argue for a link between the androgen receptor and the MEKK⌬-DA pathway leading to apoptosis in prostate cancer cells.
Since pharmacologic inhibition of androgen receptor function diminished MEKK⌬-DA-induced apoptosis, we reasoned that more androgen receptor expression in androgen receptorpositive cells may increase their sensitivity to MEKK⌬-DAinduced apoptosis. To test this hypothesis, LNCaP cells were transfected with wild-type androgen receptor in the presence or absence of MEKK⌬-DA (Fig. 5d) . Overexpression of androgen receptor did not cause apoptosis above control levels. Activation of the MEKK1 pathway stimulates androgenreceptor regulated gene expression. Activation of the tyrosine kinase receptors for KGF and IGF-1 or protein kinase A activation increases androgen receptor-mediated gene transcription in the absence of androgen, suggesting cross-talk with the androgen receptor pathway (11, 38) . Because MEKK⌬-DA induces apoptosis in prostate cancer cells in an androgen receptor-dependent fashion, we hypothesized that MEKK1 signaling may also affect androgen receptor-mediated gene transcription. To test this hypothesis, LNCaP cells were transfected with the PSA P/E-luc reporter plasmid described above and cotransfected with MEKK⌬-DA in the presence or absence of androgen. Experiments were performed in medium containing charcoal-stripped serum to exclude potential effects of steroid hormones in FCS. MEKK⌬-DA activated the reporter 14-fold in the absence of androgen (Fig. 6a) . Thus, the expression of MEKK⌬-DA results in androgen-independent PSA transcriptional activation that is similar in magnitude to the treatment of cells with androgen. The combination of MEKK⌬-DA and androgen led to further activation of PSA P/E-luc transcription (average fold induction of 30). To test whether transcriptional activation of PSA P/E-luc by MEKK⌬-DA required its kinase activity, LNCaP cells were transiently transfected with kinase inactive MEKK⌬-DN. MEKK⌬-DN had no effect on transcriptional activation, demonstrating that the kinase activity of MEKK1 is required for this effect.
We explored the role of the androgen receptor in MEKK⌬-DA induction of PSA transcriptional activity by using two complementary strategies. First, we asked if the androgen receptor antagonist Casodex inhibited MEKK⌬-DA activation of PSA P/E-luc in LNCaP cells. PSA P/E-luc activity in cells cotransfected with MEKK⌬-DA was reduced by Casodex from 14-fold to 4-fold (Fig. 6a , compare second and seventh columns). These results suggest that ligand-independent activation of the PSA promoter-enhancer by MEKK⌬-DA is mediated by the androgen receptor. To confirm this hypothesis we performed further experiments in androgen receptor-negative DU145 cells. The absence of endogenous androgen receptor expression in DU145 allowed us to study the effect of MEKK⌬-DA on the PSA promoter-enhancer in the presence or absence of transfected androgen receptor. Androgen in -FIG. 6 . MEKK⌬-DA increases the transcriptional activity of androgen receptor-regulated promoters. (a) Graph of PSA P/E-luc transcriptional activity in LNCaP cells. LNCaP cells were transfected with MEKK⌬-DA (0.6 g) or MEKK⌬-DN or Neo control vector (3.6 g) and cotransfected with a PSA P/E-luc reporter construct (0.4 g). R1881 was added to a final concentration of 10 nM, and Casodex was added at a final concentration of 10 M. This graph represents an average of six independent experiments; P ϭ 0.009 as determined by the paired Student t test for MEKK⌬-DA compared to the control. (b) Graph of PSA P/E-luc transcriptional activity in DU145. DU145 were cotransfected with MEKK⌬-DA or Neo control vector (1.6 g), androgen receptor (1.8 g), and PSA-luc reporter (0.4 g). R1881 was added to a final concentration of 10 nM. Luciferase activity was measured 48 h after transfection. This graph represents an average of six experiments; P ϭ 0.01 for MEKK⌬-DA versus MEKK⌬-DA plus androgen receptor.
duced activation of PSA P/E-luc a modest twofold when androgen receptor was included in the transfection (Fig. 6b) , a result consistent with previous reports (55) . Transfection of MEKK⌬-DA in the absence of androgen receptor also activated PSA P/E-luc twofold. However, the combination of androgen receptor and MEKK⌬-DA resulted in an average eightfold activation which was not enhanced further by androgen. In conjunction with the Casodex experiments, these data indicate that the effect of MEKK⌬-DA on PSA transcriptional activity requires the androgen receptor.
In addition to androgen receptor binding sites (AREs), the PSA promoter contains other transcription factor binding motifs, such as AP-1 recognition sites (46) . Since MEKK⌬-DA activates transcription factors such as AP-1, a potential mechanism for cross-talk between MEKK⌬-DA signaling and the androgen receptor pathway is through cooperative effects between AP-1 sites and AREs in the PSA promoter and enhancer (8) . Alternatively, MEKK⌬-DA-mediated induction of the PSA promoter may function solely through activation of the androgen receptor. We addressed this issue by examining the effect of MEKK⌬-DA on an artificial promoter consisting of four AREs multimerized upstream of the E4-CAT reporter gene (4X-ARE/E4-CAT) in DU145 cells. In the absence of transfected androgen receptor, neither MEKK⌬-DA nor androgen activated the 4X-ARE/E4-CAT reporter (Fig. 7a ). Androgen activated the 4X-ARE/E4-CAT reporter 38-fold after reconstitution with androgen receptor. Cotransfection of androgen receptor and MEKK⌬-DA enhanced activation of the reporter from 38-fold to 170-fold in the presence of ligand. These effects are specific to AREs because MEKK⌬-DA had no effect on the parental E4-CAT reporter pBXG0, which lacks the AREs (Fig. 7b, lanes 1 and 2) or on the pZRE5-E4-CAT reporter in which the ARE sites were replaced with sites for the Epstein-Barr virus (EBV) transcription factor ZEBRA (Fig. 7b, lanes 3 and 4) . These data indicate that the effect of MEKK⌬-DA on androgen receptor-mediated gene activation can be mediated through AREs in the absence of AP-1 sites. In contrast to the ligand-independent effects of MEKK⌬-DA in the context of the natural PSA promoter, ligand binding of androgen to androgen receptor is required to mediate the effect of MEKK⌬-DA on an artificial template containing only AREs. These differences may be a consequence of additional, ARE-independent effects of the PSA promoter. Alternatively, the effects of MEKK1 on these reporters, as well as apoptosis, may not be strictly correlated.
One potential explanation for the enhanced transcriptional activation of androgen receptor-regulated genes by MEKK⌬-DA is that MEKK⌬-DA is having nonspecific effects on the general transcription machinery. To test this possibility, we examined the effects of MEKK⌬-DA on another reporter system based on the EBV-derived transcription factor ZEBRA. This system is ideal for addressing the specificity of MEKK⌬-DA-induced transcriptional activation because the relationship between ZEBRA, its binding to core promoter elements, and the activation of the general transcription machinery have been carefully characterized (31) . If MEKK⌬-DA acts nonspecifically, we would expect enhanced activation of pZRE5-E4-CAT in the presence of MEKK⌬-DA. However, MEKK⌬-DA had no effect on ZEBRA-mediated induction of pZRE5-E4-CAT (Fig. 7b, lanes 5 and 6) . These data argue for specificity in the effects of MEKK⌬-DA on androgen receptor-mediated transcription.
Based on our finding that MEKK⌬-DA-induced apoptosis of prostate cancer cells is dependent on androgen receptor signaling and that MEKK⌬-DA activates androgen receptordependent transcription, we sought to determine whether the MEKK signaling pathway plays a role in ligand-mediated activation of the androgen receptor in prostate cells. To test this possibility, we measured the effects of the dominant negative mutant, MEKK⌬-DN, on androgen-regulated gene expression (36) . As expected, MEKK⌬-DA activated the PSA P/E-luc reporter in LNCaP cells. To validate the ability of MEKK⌬-DN to function as an MEKK antagonist, LNCaP cells were cotransfected with MEKK⌬-DA and MEKK⌬-DN (Fig.  8, left panel) . MEKK⌬-DN inhibited MEKK⌬-DA-induced transcriptional activation of the PSA P/E-luc reporter between 50 and 75%. We then tested the ability of MEKK⌬-DN to inhibit androgen-mediated PSA P/E-luc activation. In four independent experiments, MEKK⌬-DN inhibited R1881-induced transcriptional activation of the PSA P/E-luc reporter in a dose-dependent fashion (Fig. 8, right panel) . When similar experiments were performed with the 4X-ARE-CAT reporter in DU145 cells, we failed to see significant effects of MEKK⌬-DN on R1881-mediated activation of this reporter (data not shown). Therefore, the inhibitory effects of MEKK⌬-DN on the PSA P/E-luc reporter may be related to cis-acting elements which influence the outcome of androgen receptor activation in the context of a natural promoter.
DISCUSSION
Previous work on MEKK1 function has defined a role for this pathway in signaling involving the stress response (6, 13), NF-B activation (30, 56) , and integrin receptor engagement (5, 18) . Results presented here provide evidence of a role in androgen receptor signaling in prostate cells. At a transcriptional level a constitutively active allele of MEKK1 stimulates natural and artificial androgen-responsive promoter templates in an androgen receptor-dependent fashion. In addition, transcriptional activation of the androgen receptor by androgen is impaired when a dominant negative mutant of MEKK1 is coexpressed. Taken together, these results suggest that the MEKK1 pathway plays a role in modulating the transcriptional response of the androgen receptor to ligands. Importantly, this cross-talk extends beyond the level of transcription to the biological response of cells to MEKK1 signaling. Consistent with previous reports in fibroblasts and T cells (16, 25) , constitutive activation of MEKK1 induces apoptosis in prostate cancer cells. However, the apoptotic effect in prostate cells occurs only when the androgen receptor signaling pathway is intact. The evidence supporting this conclusion are the correlation of MEKK⌬-DA-induced apoptosis with androgen receptor expression, the ability of androgen receptor expression to restore the ability of MEKK⌬-DA to induce apoptosis in androgen receptor-negative prostate cancer cells, the potentiation of MEKK⌬-DA-induced apoptosis by overexpression of androgen receptor in androgen receptor-positive prostate cancer cells, and the partial inhibition of MEKK⌬-DA-induced apoptosis by androgen receptor blockade. In summary, our results establish a pattern of cross-talk between the MEKK1 and the androgen receptor pathways in prostate cells at a transcriptional and biological level.
The discovery of an interaction between the androgen receptor and MEKK1 signaling pathways adds to growing evidence that a number of different tyrosine and serine-threonine kinases can affect the function of steroid hormone receptors (4, 10, 11, 27) . The molecular basis for each distinct example of cross-talk remains unknown and is the focus of much current research. A better understanding of this mechanism is likely to have important implications for hormone receptor regulation in cancer cells. In the case of MEKK1, its large size (196 kDa) and known ability to assemble in multiprotein complexes (12, 30, 56) , as well as to interact with an array of signaling proteins (15, 54, 56) , raise the possibility of a multiprotein signaling complex involving the androgen receptor in prostate cells. Alternatively, MEKK1 may activate a signaling cascade that indirectly leads to posttranslational modifications of the androgen receptor which affect its function, a possibility analogous to reported effects of the ERK pathway on the estrogen receptor (4, 24, 27, 58) . It is also possible that MEKK1 affects coactivators, such as ARA-70 and GRIP-1 (22, 55) , rather than androgen receptor itself or that it functions through transcription factors, such as c-jun (3, 43, 52) , which act cooperatively with the androgen receptor to facilitate gene expression. More research is needed to sort through these various models. MEKK1-induced apoptosis is known to occur in non-androgen-receptor-expressing cells such as fibroblasts (25) , human embryonal kidney cells, and fibrosarcoma cells (51) . In some settings, UV irradiation, chemotherapy, or tumor necrosis factor ␣ are required to elicit the apoptotic phenotype, suggesting that MEKK1-induced apoptosis may require additional signals to initiate the apoptotic cascade. Our results would argue that androgen receptor signaling may be such a signal in prostate cells. This idea may seem paradoxical since androgen confers a survival and/or proliferative signal in prostate secretory epithelial cells. However, excess androgen receptor signaling in certain settings is detrimental to cell growth and survival. For example, androgen inhibits the growth of androgen receptorpositive LNCaP cells at high concentrations in vitro (48) , and androgen receptor-negative PC3 cells transfected with a constitutively active androgen receptor have delayed growth compared with mock-transfected cells (33) . Consistent with these reports, we find that excess androgen induces low levels of apoptosis in LNCaP cells in vitro (1) . We hypothesize that excess stimulation of the androgen receptor signaling pathway, through MEKK1 activation or excess androgen, can lead to apoptosis of prostate cancer cells. This scenario is consistent with more extensively characterized signaling molecules such as the glucocorticoid receptor (17, 21) and c-Myc (1a, 45), which can induce either cell cycle progression or apoptosis in distinct cellular or environmental contexts.
In addition to the implications for hormone receptor signaling, our results offer potential insight into the mechanisms of prostate cancer progression. Anti-androgen therapy is the primary clinical treatment of metastatic prostate cancer and induces temporary remissions in the majority of patients. Eventually, prostate cancer cells regrow despite anti-androgen therapy, and the majority continue to express androgen receptor (40) and androgen-regulated genes such as PSA. This phenotype suggests that alternative, androgen-independent signaling pathways are utilized to activate the androgen receptor in these cells. Our observation that MEKK1 can substitute for androgen in androgen receptor-dependent transcription raises the possibility that this pathway may function in the progression to androgen independence. Further experiments with animal models and clinical material are required to address this hypothesis. Alternatively, the androgen receptor-dependent apoptotic function of activated MEKK1 in prostate cells might provide a therapeutic opportunity in androgen-independent prostate cancers. Because of its ability to sensitize cells to genotoxic stress (25, 51) , expression of MEKK1 may be considered a strategy for cancer gene therapy.
